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We have used ﬁber diffraction, cryo-electron microscopy, and scanning transmission electron micro-
scopy to conﬁrm the symmetry of three potexviruses, potato virus X, papaya mosaic virus, and
narcissus mosaic virus, and to determine their low-resolution structures. All three viruses have slightly
less than nine subunits per turn of the viral helix. Our data strongly support the view that all
potexviruses have approximately the same symmetry. The structures are dominated by a large domain
at high radius in the virion, with a smaller domain, which includes the putative RNA-binding site,
extending to low radius.
& 2012 Elsevier Inc. All rights reserved.Introduction
The potexviruses – ﬂexible ﬁlamentous plant viruses belong-
ing to the family Alphaﬂexiviridae – were early candidates for
structural studies (Bernal and Fankuchen, 1941). Electron micro-
scopy and diffraction studies have described a number of differ-
ent potexviruses, including potato virus X (PVX; Tollin et al.,
1980), narcissus mosaic virus (NMV; Tollin et al., 1975; Bancroft
et al., 1980; Low et al., 1985), and papaya mosaic virus (PapMV;
Tollin et al., 1979). The gross architecture of all members of the
potexvirus group is thought to be very similar (Richardson et al.,
1981). More recent ﬁber diffraction studies (Parker et al., 2002)
and combined ﬁber diffraction and electron microscopy studiesll rights reserved.
Stubbs).
ersity of Georgia, Athens, GA
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serve University, Cleveland,(Kendall et al., 2008) of the potexviruses have supported these
conclusions.
Over the years, however, symmetries inconsistent with these
results have occasionally been reported for members of the
potexvirus group (Tollin et al., 1975; Wilson et al., 1978;
Radwan et al., 1981; Kendall et al., 2007). Even very recently, a
low-resolution potexvirus model in disagreement with the now
generally accepted symmetry of these viruses has been published
(Yang et al., 2012).
Cryo-electron microscopy (cryoEM) has increasingly been used
in the determination of the structures of ﬁlamentous assemblies
that are otherwise not amenable to crystallographic, ﬁber diffrac-
tion, or nuclear magnetic resonance studies. Helical image proces-
sing methods such as iterative helical real-space reconstruction
(IHRSR; Egelman, 2010) can produce low- to medium-resolution
models of these assemblies; however, most models derived by
helical image processing methods are at low resolution, rarely going
beyond 10 A˚. Models of the well-studied and highly ordered tobacco
mosaic virus (TMV), whose structure was determined at 2.9 A˚
resolution by ﬁber diffraction (Namba et al., 1989), are exceptions
(Sachse et al., 2007; Clare and Orlova, 2010; Ge and Zhou, 2011), as
are those of a few other assemblies (for example, Fujii et al., 2010;
Yu et al., 2012). Because it is necessary to have a reasonable estimate
of the symmetry of a ﬁlamentous model before beginning IHRSR
experiments (Egelman, 2007), helical reconstructions frequently use
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scanning transmission electron microscopy (STEM) to guide model-
ing; in fact, these additional methods are frequently necessary to
resolve ambiguities in symmetry determination (Egelman, 2010;
Yu and Egelman, 2010). Fiber diffraction can provide constraints to
guide helical reconstructions (Wang et al., 2006; Kendall et al.,
2008), limiting the possible solutions.
We report here low-resolution models of two potexviruses,
PapMV and NMV, and compare them to PVX, for which we have
already described a low-resolution model (Kendall et al., 2008).
The three models share a similar architecture and symmetries
of slightly less than nine coat protein subunits per turn of the
viral helix.Results
Data collected from ﬁber diffraction and STEM experiments
were used to constrain helical reconstruction.
Fiber diffraction
Fig. 1 is an X-ray diffraction pattern from a hydrated ﬁber of
PapMV (Materials and methods; McDonald et al., 2008). The pitch
of the PapMV viral helix determined from this pattern is
33.770.3 A˚, in good agreement with early diffraction studies
(Tollin et al., 1979).
The pattern consists of strong near-meridional layer lines
(black arrows in Fig. 1), whose spacing reﬂects the helical pitch,
and weaker off-meridional lines. If the number of subunits perFig. 1. Fiber diffraction pattern from a hydrated ﬁber of PapMV. The pattern
consists of layer lines (approximately horizontal in this ﬁgure); the layer line
passing through the origin is the equator. The line through the origin orthogonal to
the equator is the meridian. Black arrows and numbers indicate near-meridional
layer lines, layer lines whose intensities are signiﬁcant at or near the meridian. The
spacing of these layer lines corresponds to the reciprocal of the pitch. White
arrows and numbers indicate off-meridional (non-near-meridional) layer lines,
whose positions relative to the near-meridional layer lines allow the determina-
tion of the non-integral part of the number of subunits in one turn of the viral
helix. Strong reﬂections at 4–5 A˚ resolution (arrowhead and its three symmetry
equivalents) are from the mica entry window of the beam tunnel; the ring of
reﬂections in the corners of the pattern at 3.85 A˚ resolution is from calcite, used
for calibration. The diagonal white shadow is from the beamstop holder.turn is u¼uiþDu, where ui is an integer and Du is between 0.5
and 0.5, Du can be determined from the distance between the
near-meridional and off-meridional layer lines. Du is equal to the
ratio of Dz, the spacing between a near-meridional layer line and
its nearest neighboring off-meridional layer line, and 1/p, the
spacing between near-meridional layer lines, that is, Du¼7p Dz,
where p is the pitch of the viral helix (Cochran et al., 1952;
Chandrasekaran and Stubbs, 2012; McDonald et al., 2010). From
the positions of the 14th and 19th layer lines (layer lines 3(1)
and 4(1) in the notation of McDonald et al., 2010; white arrows
in Fig. 1), Du is 70.2, with an estimated error of 70.04.
The sign of Du can often be determined directly by examina-
tion of the ﬁber diffraction pattern; in the present case, the 14th
and 19th layer lines have intensity maxima near the meridian,
indicating that Du is 0.2. If Du were þ0.2, the 16th and 21st
layer lines, rather than the 14th and 19th, would have maxima
near the meridian (Kendall et al., 2008).
The helical pitches of PVX (34.570.5 A˚; Parker et al., 2002)
and NMV (34.570.5 A˚; Kendall et al., 2007) have previously been
determined by ﬁber diffraction.
STEM
Additional constraints to guide the helical reconstructions
were provided by STEM. The predicted molecular mass of one
intact protein subunit of PapMV is 23,045 Da (GenPept accession
no. BAA03054). The RNA sequence length (GenBank accession no.
NC_001748), the length of the virion, and a preliminary estimate
of the helical symmetry suggest that each PapMV protein subunit
binds ﬁve nucleotides. For STEM analysis, the mass of one subunit
was taken to be 24650 (23045 plus ﬁve nucleotides with an
average molecular mass of 321 Da). Two separate STEM experi-
ments were performed, using data from the same grid collected
on the same day. The ﬁrst experiment used 1625 PapMV particles
and determined the mass per unit length to be 60027414 Da/A˚.
The second experiment contained 1376 PapMV particles and
determined the mass per unit length to be 60517514 Da/A˚.
From these values, the subunit mass, and the helical pitch of
33.7 A˚, u was determined to be 8.2170.57 from the ﬁrst set of
particles and 8.2770.71 from the second set. These estimates of u
are probably low because of the effect of protein degradation on
the average subunit mass; PapMV coat protein is known to be
sensitive to N-terminal proteolysis (Verde et al., 1989; Zhang
et al., 1993). SDS-PAGE analysis similar to that of Kendall et al.
(2008) suggested that the underestimation of u due to proteolytic
degradation was less than 2%.
IHRSR
PapMV IHRSR experiments (Fig. 2A) were started from sym-
metries ranging from 7.5 to 11.6 subunits per turn of the helix,
extending well beyond the range of values predicted by STEM.
Reconstructions started between 8.67 and 8.82 subunits per turn
all converged to a symmetry of 8.76 subunits per turn (Fig. 2A)
with a helical pitch of 33.4 A˚, within experimental error of the
ﬁber diffraction pitch. Experiments started outside this range
produced models that deviated from the ﬁber diffraction pitch,
the sign of Du from ﬁber diffraction, or both, and in many cases
deviated signiﬁcantly from the mass per unit length determined
by STEM. None of the models with the sign of Du determined by
ﬁber diffraction were within four times the experimental error of
the ﬁber diffraction pitch except those with 8.76 subunits per
turn. Models with more than 9.5 subunits per turn all had pitches
3–5 times the true pitch.
NMV IHRSR experiments (Fig. 2B) were started from symme-
tries ranging from 7.5 to 9.2 subunits per turn. Reconstructions
Fig. 2. (A) Convergence of the rotation angle DF in PapMV IHRSR experiments. Reconstructions started between DF¼40.821 and DF¼41.521 (u¼8.67–8.82) converged to
a symmetry of u¼8.76 and a helical pitch of 33.4 A˚ (*); experiments started outside this range produced models that conﬂicted with ﬁber diffraction and STEM results. The
reconstructions started at DF¼311 and DF¼341 converged to u¼9.70 by cycle 70. (B) Convergence of the rotation angle DF in NMV IHRSR experiments. Experiments
started between DF¼40.00 and DF¼42.35 degrees (u¼8.5–9.0) converged to a symmetry of u¼8.78 and a helical pitch of 34.5 A˚ (*); experiments started outside this
range produced models that conﬂicted with ﬁber diffraction results.
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to a symmetry of 8.78 subunits per turn (Fig. 2B) with a helical
pitch of 34.5 A˚. Reconstructions started outside these values
produced models incompatible with the pitch determined by
ﬁber diffraction.
PVX IHRSR experiments were started from a symmetry of
8.9 subunits per turn (Kendall et al., 2008) and converged to 8.89
subunits per turn with a helical pitch of 34.9 A˚. The models were
similar in all essential details to the models described in our
earlier work.
The nominal resolution for each of these models, determined
using the routines available in the IHRSR script (Materials and
methods), was 21 A˚ for PVX, 16 A˚ for NMV, and 16 A˚ for PapMV.
When virus particle images were ﬁrst separated into two stacks
with approximately equal numbers of particles and similar ranges
of defocus values (Yamaguchi et al., 2010), and models were
calculated independently, aligned, and correlated to each other,
the nominal resolution for each model was between 20 and 22 A˚.
Reﬁned models of PVX, NMV, and PapMV are shown in Fig. 3.
For these reconstructions, the starting and ﬁnal symmetries were
8.90 and 8.89 subunits per turn (PVX), 8.77 and 8.78 subunits
per turn (NMV), and 8.77 and 8.74 subunits per turn (PapMV); the
starting and ﬁnal pitches were 34.51 and 34.90 A˚ (PVX), 34.47
and 34.56 A˚ (NMV), and 33.39 and 33.40 A˚ (PapMV). The max-
imum radius of both PVX and NMV (Fig. 3A and B) is approxi-
mately 65 A˚, while the maximum radius of PapMV (Fig. 3C) is
approximately 60 A˚. PapMV has a smaller radius because the
ridges between the approximately vertical grooves in the virion
surface are less extensive; that is, the grooves are shallower than
they are in PVX and NMV. In all three viruses, the protein subunit
structure is dominated by a major domain at high radius with
density extending into the virion center, as previously seen for PVX
and the potyvirus soybean mosaic virus (Kendall et al., 2008). Axial
intersubunit interactions are greater at high radii, and azimuthal
interactions at low radii.
The viral RNA is expected to be at a radius of 30 to 35 A˚
(Kendall et al., 2007, 2008). If this is the case, density in all three
viruses (arrows in Fig. 3) at about this radius and extending across
several subunits may represent the RNA, although at this resolu-
tion such a speculation should be treated with caution.At low radii, the subunits in the vertical cross-sections in Fig. 3
exhibit a double-layered appearance, reminiscent of the structure
of TMV (Namba et al., 1989). However, given the low resolution of
these reconstructions, we cannot speculate about the possible
presence of an a-helical bundle such as is found in the TMV coat
protein.Discussion
The three potexvirus structures determined here are all very
similar to each other and to the previously determined structure
of PVX (Kendall et al., 2008). The most obvious difference is the
smaller diameter of PapMV, about 120 A˚ compared with 130 A˚ for
both PVX and NMV. The helical pitch of PapMV is also slightly
smaller than those of PVX and NMV. These differences are
consistent with the smaller size of the PapMV coat protein, 215
amino acids (GenPept accession number BAA03054) compared
with 237 (PVX; GenPept accession number P31798) and 240
(NMV; GenPept accession number BAA02895).
The overall subunit structure that we have described here is
broadly consistent with the two-domain model of Nemykh et al.
(2008) predicted from sequence and other considerations. The
larger predominantly a-helical domain would correspond to the
large high-radius domain that we see in all three viruses, while the
smaller domain, which resembles the four-helix bundle seen in
TMV, could correspond to our low-radius double-layered domain.
The crystal structure of a large fragment of PapMV coat protein
(Yang et al., 2012) also resembles our high-radius domain. How-
ever, the helical symmetry suggested for PapMV by Yang et al.
(2012), 10.25 subunits per turn, is very different from the
symmetry that we have determined, and is inconsistent with our
cryo-EM reconstructions, our STEM data, and our ﬁber diffraction
data.
PapMV, PVX, and NMV coat proteins are very similar in amino
acid sequence, with coat protein sequence identities of 39%
(PVX:PapMV), 35% (PVX:NMV) and 30% (PapMV:NMV); simila-
rities of 68% (PVX:PapMV), 62% (PVX:NMV) and 59%
(PapMV:NMV). It would therefore be extremely surprising if their
helical symmetries were greatly different, and our data suggest
Fig. 3. IHRSR models of potexviruses. (A) IHRSR reconstruction of PVX, section normal to the viral axis, outside surface view, and section through the viral axis. Scale
bar¼50 A˚ and applies to all panels. (B) IHRSR reconstruction of NMV, section normal to the viral axis, outside surface view, and section through the viral axis. (C) IHRSR
reconstruction of PapMV, section normal to the viral axis, outside surface view, and section through the viral axis. Arrows in sections normal to the viral axis indicate
possible RNA density.
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suggested by Yang et al. (2012) may be due to the fact that they
did not start reﬁnements close to the symmetries proposed in
previous work, and did not use restraints on symmetries from
other methods such as STEM or ﬁber diffraction. Both of these
strategies have been found to be necessary in IHRSR (Egelman,
2007, 2010; Yu and Egelman, 2010). The 36 A˚ pitch reported by
Yang et al. (2012) is signiﬁcantly greater than the 33.7 A˚ pitch
from ﬁber diffraction.Materials and methods
Virus puriﬁcation
Potato virus X was propagated in Nicotiana clevelandii and
puriﬁed as described by Parker et al. (2002). Narcissus mosaic
virus was propagated in Chenopodium quinoa and puriﬁed as
described by Kendall et al. (2007). Papaya mosaic virus was
propagated in Carica papaya var. Mexican and puriﬁed using a
protocol adapted from that of Erickson and Bancroft (1978),
incorporating the use of protease inhibitors.
Fiber diffraction
Dried ﬁbers of PapMV were prepared by suspending a 5 ml
drop of virus solution at a concentration of approximately 50 mg/
ml between two glass rods approximately 1 mm apart, and
allowing the drop to dry over a period of hours to days. Humiditycontrol was essential during drying; the ﬁbers were made in
closed chambers in the presence of water, to produce a relative
humidity close to 100% (McDonald et al., 2008).
Fiber diffraction data were collected at beamline 4–2 of the
Stanford Synchrotron Radiation Lightsource. Fibers were dusted
with calcite, and wide-angle specimen-to-detector distances were
determined from the 0 1 2 calcite diffraction ring at 3.8547 A˚
resolution (Effenberger et al., 1981). The specimen-to-detector
distance was approximately 323 mm, the pixel size was approxi-
mately 73 mm, and the X-ray wavelength was 1.078 A˚.
Diffraction patterns were analyzed using the program WCEN
(Bian et al., 2006) to determine experimental parameters and the
helical repeat, to apply corrections to the intensities, and to
transform the data from detector to reciprocal space.
STEM
Scanning transmission electron microscopy (Wall et al., 2008)
was used to determine the mass per unit length of the PapMV
virions. Images were analyzed using the PCMass software avail-
able from the Brookhaven STEM website (www.biology.bnl.gov/
stem/stem.html). Mass per unit length measurements were
calibrated against measurements from a TMV internal standard.
Electron microscopy, helical reconstruction, and image processing
PVX and NMV at concentrations of 100 mg/ml were applied
to freshly glow discharged carbon coated 400 square mesh copper
EM grids (Electron Microscopy Sciences, Hatﬁeld, PA). Excess
A. Kendall et al. / Virology 436 (2013) 173–178 177liquid was blotted away with ﬁlter paper and the grid was plunged
into liquid nitrogen cooled ethane using a homemade vitriﬁcation
device. Images were collected on an FEI TF30 Polara microscope at
300 keV, 78 K, with a magniﬁcation of 254,669 at the level of the
Gatan US4000 CCD camera. The total electron dose varied between
10 and 25 electron/A˚2. Imaging was facilitated by the script
assisted microscopy package (Shi et al., 2008). Digital images were
software binned to 1.178 A˚/pixel (PVX) or 2.356 A˚/pixel (NMV)
and normalized to 10s of the mean pixel value.
Cryo-EM grids of PapMV were prepared by applying 3 ml of
sample to 2/2 C-ﬂat grids (ProtoChips Inc., Raleigh, NC) and vitriﬁed
as described in the previous paragraph. Cryo-EM images were
collected on an FEI Tecnai 12 (120 keV) electronmicroscope equipped
with a Gatan cryo holder and a Gatan UltraScan 1000 (2 K2 K) CCD
camera at a nominal magniﬁcation of 67,000 (1.47 A˚/pixel). Images
were normalized to 10s of the mean pixel value.
The defocus values of the micrographs were determined using
CTFFIND3 (Mindell and Grigorieff, 1993) or CTFIT from the EMAN
suite (Ludtke et al., 1999). Nine hundred ﬁfty-three micrographs
were collected from PVX grids; defocus values for these micro-
graphs varied from 1.1 to 3.3 mm. Seventeen micrographs were
collected from NMV grids; defocus values varied from 0.9 to
2.9 mm. Twenty eight micrographs were collected from PapMV
grids; defocus values varied from 0.7 to 1.5 mm. These values
were used to correct for the phase component of the contrast
transfer function using scripts from the IHRSRþþ package (Parent
et al., 2010).
Virion segments were selected using the program HELIXBOXER
from the EMAN suite (Ludtke et al., 1999); only straight segments
in which the helical repeat was clearly visible were selected.
Approximately 18,000 segments were selected from PVX micro-
graphs, approximately 9600 segments were selected from NMV
micrographs, and approximately 9800 segments were selected
from PapMV micrographs. Additional scripts from the IHRSRþþ
package were used to invert the density of the virus segments, to
cut the segments into 200400 pixel boxes, and to pad the boxes
to 410410 pixels. Reconstruction experiments used either IHRSR
(Egelman, 2010) or IHRSRþþ (Parent et al., 2010), both of which
make use of the SPIDER software package (Frank et al., 1996). All
reconstructed volumes were constrained to have inner radii of
10 A˚ and outer radii of 70 A˚.
The resolution of each reconstructed model was determined
by separating the segments into two stacks, one with the even
numbered segments and one with the odd numbered segments,
following the standard procedure in the IHRSR method (Egelman,
2010). Independent models were produced from each stack and
correlated with each other. The resolution was determined by
Fourier shell correlation (FSC; Harauz and van Heel, 1986), using a
threshold value of 0.5. It has recently been suggested (Yu et al.,
2012), however, that this approach can yield overly optimistic
determinations of resolution, so a second approach to resolution
determination was also used. The intact virus particle images
were ﬁrst divided into two stacks with equal representations of
defocus values and then segmented into individual particles using
the helix_cutstk script in IHRSRþþ (Parent et al., 2010), to produce
two stacks with approximately equal numbers of segments and
similar ranges of defocus values (Yamaguchi et al., 2010). Models
were independently produced from each stack, aligned with each
other, and correlated using an FSC threshold of 0.5. UCSF Chimera
(Pettersen et al., 2004) was used to generate models and density
maps; threshold values for model contouring were set at 1s.
Sequence comparisons
Sequence comparisons between the viral coat proteins were
made using the default parameters in Clustal Omega (Sieverset al., 2011). Only the cores of the proteins were compared
(PapMV: residues 3–207; NMV: 15–223; PVX: 20–229); the very
short terminal extensions, whose presence or absence and
sequence when present varies considerably within the genus,
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